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SEVEN FIGURES 


Normal motor coordination is not restored in mammals as 
a rue folowing regeneration of a severed peripheral nerve 
trunk. The diffuse and haphazard re-establishment of nerve- 
muscle connections prevents recovery of normal independent 
muscle action. Whenever localized contraction of single mus- 
cles or musele groups is ealled for, there resulls instead a 
widespread contraction en masse of the entire re-innervated 
niisenlature (Sperry, ?45). 

(Juite different is the picture of recovery m Jarval amphi- 
bians and in the one species of fish GSphaeroides spenglert) so 
far investigated. Hxeellent recovery of motor coordination 
has been found in the former after regeneration of the limb 
and very carly oculomotor nerves (Weiss, ’36; Sperry, ’47), 
and mm the Jatter after regeneration of the pectoral fin nerves 
(Sperry, ’5D0). How the normally timed, individuated musele 
funetion is reeovered after peripheral disarrangement of 
nerve-musele connections remains to be determined. As a 
possible explanation it has been suggested that the synaptic 
terminals on the regenerated motor eclls may undergo some 
kind of echemotrophie break-down in the centers followed by 
regeneration of new central hook-ups patterned to suit the 
altered peripheral innervation (Sperry, 41, 51a, O1b). A 


'The major portion of the investigation was conducted at the Lerner Marine 
Laboratory, Bimini, Bahamas jin 1959 while the first author was with the Na- 
tional Tnstitute of Neurologieal Diseases and Blindness, The work has been aided 


also by the F. P. Wixon Fund of the California Institute of Technology. 
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synaptic interchange of this sort would be in harmony with 
various other phenomena that point to specific chemoaffinities 
as a basis for the orderly formation and maintenanee of 
synaptie patterns m the vertebrate nervous system. [lowever, 
morphological or other direet evidenee for such synaptie re- 
adjustment is lacking. | 

or further analysis of the problem the fishes seem to offer 
the most promising possibilities. Mammals are climinated 
and presumably also birds and reptiles by the low level or 
absenee in postdevelopmental stages of this type of fune- 
tional reeovery. Among the amphibians and fishes the tech- 
nical difficulties of staining the synaptic terminals appear to 
be somewhat less formidable in the fishes. Further, motor 
recovery was found to be more rapid and complete in the one 
species of adult fish studted than that obtained in adult 
amphibians. 

The present experiments were undertaken with reference to 
{he following questions: (a) Is the motor plasticity reported 
for the pectoral system of S. spenglert (Bloch) present also 
in other teleosts, specifically the closely related S. testudimeus 
(Linnaeus) and the distantly related and Inghly specialized 
Tlistrio hastrio (Linnacus)? (b) What happens when the pec- 
toral fin museulature ts reinnervated by nerves of the pelvie 
fin or by peetoral nerves with greatly reduced fiber count? 
(c) Does a similar plasticity prevail in the cranial oculomotor 
nuclei? This latter question ts particularly important with 
reference to the search for morphological evidence of the pos- 
tulated synaptic readjustment, beeause the conditions for 
histological demonstrations of possible synaptic changes are 
much more favorable in the eranial nuclei than in the cord. 
TIneluded also are the results of some preliminary microscopic 
observations of the motor eclls of brain and cord of S. testu- 
dineus following peripheral nerve section and regeneration. 


MATERIALS AND METHODS 


Specimens of /7. histrio, the sargassuin fish, ranging in total 
length from 3.4 to 4.7 em were ecolleeted in the Gulf Stream off 
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Pectoral system 


Direct regeneration, S. testudinens. The large nerve of 
the pectoral fin musculature was completely divided on one 
side in 4 adult specimens 18 to 22em in length. The nerve 
was exposed via an abdominal approach and severed by re- 
peated pinching and teasing with jeweler’s forceps. The in- 
cision was closed with two silk sutures that were removed 
approximately 4 days later. Complete motor paralysis of 
the affected fin was evident in all 4 eases during the first two 
weeks after nerve section. 

Beginning on the 17th-19th days after operation the fins 
began to exhibit slight twitching movements. Motor recovery 
advaneed rapidly during the subsequent several weeks until 
the operated and unoperated sides were indistinguishable. 
From the beginning the fin ray movements seemed to be prop- 
erly timed. There was no period of incoordination or mass 
action, or other indieation that the restoration of function 
involved learning. The period of complete paralysis lasted 
only a few days longer than in the small 5S. spengleri and the 
final recovery at 5 weeks was fully as good. 

Direct regeneration, I, histrio. ‘This species 1s extremely 
specialized partiewarly with respect to its pectoral fin, the 
morphology and movement patterns of which are analogous 
to and approach in complexity those of the tetrapod limb. 
If the capacity for restoring motor coordination as observed 
in S. spengleri and its close relative, 5. testudineus has been 
lost through evolution anywhere among the teleosts, 1 seemed 
likely that it might be absent in the pectoral system of H. 
histrio. 

Some sketches of the musculature and skeleton of the fin 
of HH. histrio are provided in figure 1. Although meomplete 
in detail, the sketches indicate the complexity of the muscle 
anatomy and funetion involved. The limb as a whole ean be 
swung in any direction from its base, and also can be rotated 
on its long axis through approximately 120°. The individual 
fin rays can be swung back and forth, spread apart, or pulled 
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fin rays tend to wrap about an object such as a glass rod when 
it comes into contact with the ventral surface of the fin, and 
(dq) miseeHaneous paddling, pulling, and supporting move- 
ments. In all eases the posture and coordination of. the 
operated fin were compared closely with those of the unoper- 
ated fin on the opposite side. 

Ina group of 10 fish the nerves supplying the pectoral fin 
on the left side were completely transceted through a lateral 
Incision over the cleithrum, The eut nerve ends were frayed 
with foreeps ina rough manner so as to prevent any systema- 
fic restoration of the original innervation pattern. In 5 of 
these cases the nearby pelvie nerves were seetioned along with 
the peetoral in the same operation. The pelvie fins of H. 
histrio also have a rather specialized musculature, but not so 
elaborate as that of the peetorals. 

Paralvtic immobility and insensitivity of the affected fins 
during the week Immediately following the operation indi- 
eated complete nerve severanee in all eases. One ease died 
on the 4th day. Signs of motor and sensory recovery began 
fo appear in the remaining fish about 10 davs after operation 
and beeame progressively more pronouneed during the fol- 
lowing several weeks. At 5 weeks after operation good motor 
coordination, approaching elosely that on the normal side, 
was evident mm hoth the peetoral and pelvie fins. | 

Reeovery was good m this series but not perfeet. Minor 
asymmetries between left and right fins were still evident in 
@ of the 9 eases at the termination of the experiments, 538 days 
after operation. For example, the fin ravs in some instances 
did not spread quite so widely nor so evenly as on the normal 
side, or the ‘felhow’? in other instanees was bent a little more 
than normal. These sheht defeets seemed more readilv as- 
erthed to ineompleteness of reeovery than to any positive 
dysfunction of misregenerated fibers, 

One of the eases with both the peetoral and the pelvie nerves 
sectioned was exceptional in that the peetoral reeovery was 
retarded and showed an exaggeration of protraection in the 
resting position characteristic of crossed pelvie reinnervation 
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as described below, though less pronounced. At postinortem 
dissection it was found in this case that two strands of fibers 
had crossed from the pelvic nerve sear into the nearby pec- 
toral nerves. CS 

fieduction of proximal nerve supply. Tia seeond group of 
@ i. histrio, the pectoral nerve trunks were conipletely see- 
tioned. The anterior fascicles constituting from one-half to 
two-thirds of the total nerve supply were then reflected 
dorsally and the cut ends were embedded in the dorsal trunk 
Inusculature as aaeans of preventing their regeneration into 
the fin muscles. The cut ends of the remaining nerve fascicles 
were apposed to the cut ends of the combined fascicles of the 
total distal nerve trunk. The source of reinnervation was thus 
greatly reduced in total quantity and probably changed con- 
siderably in quality with many of the fibers to the more an- 
terior fin muscles having been eliminated. 

Two of the 7 eases in this series diced durmg the initial 
period of complete paralysis. Funetional recovery in the re- 
maining 0 proceeded much as in the first group but was less 
rapid and complete. However, by the end of the 6th week all 
0 fish had regained good general use of their fins. The withi- 
drawal reflex, planing, grasping, and various paddling move- 
ments were recovered in good order. Asymmetries remained 
more pronounced than im the first group, but their nature in 
these cases also was such as to sugevest weakness of muscle 
function rather than complete afunetion or positive dysfune- 
tion. 

Phe fish were sacrificed at the end of the 6th week and later 
were dissected with the aid of a stereoscopic microscope. In 
one case It appeared that the reflected central ends of tlic pec- 
toral nerves had pulled loose and some fibers had regenerated 
back into the peetoral fin. In a second case, the presenee of 
diffuse fibers between the reflected central nerve stumps and 
the fin left some question as to whether elimination of the re- 
flected fibers had been complete. Tu the remaining three cases 
the nerve supply to the fin remained markedly reduced in the 
proximal region as intended. 
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In both groups of Jlistrio, the operated fin had lageed be- 
hind the opposite normal fin in growth. This was especially 
marked durmg the seeond week after nerve section. After its 
remnorvation the operated fin regained gradually its normal 
proportion until at the end of 6 weeks little or no size differ- 
enee remained. The Histrio were growing fairly rapidly 
during these 6 weeks and had inereased in over-all length 
approximately two to two and one-half times. 

Cross-union of pelvie to pectoral nerves. Ina third group 
of 10 //, histrio the central ends of the divided nerves of the 
pelvie fin were eross-united to the distal ends of the divided 
nerves of the pectoral fin. The central ends of the peetoral 
nerves were then refleeted dorsally and inserted into dorsal 
trunk museulature to prevent their regeneration. The inten- 
tion was to effect a re-innervation of the peetoral fin muscula- 
ture by the nerves of the pelvie fin. 

On the 16th day after operation signs of beginning fune- 
tional recovery were evident in the 6 eases still alive. (Four 
eases were killed by an accident in the water system during 
the second week after operation.) By the 20th day the pee- 
foral fin had become extremely flexed at the “elbow”? in all 6 
eases and the fin as a whole was abnormally protracted until 
the distal end of the fin rays touched or nearly touched the 
head below the eye. The individual fin rays remained closely 
drawn together. The pelvie fins meanwhile had assumed a 
slightly elevated posture and aetive movement was absent. 

Mechanical stimulation of the peetoral fin on the 20th day 
elicited a weak response of this same fin amonnting only to 
an exaggeration of the above pose that pulled the fin farther 
forward against the head and pursed more tightly the fin rays. 
The normal response is much the reverse involving extreme 
retraction of the fin eandally against the tail, with supination 
and spreading of the fin rays. Postmortem disseetion of two 
eases on the 22nd and 24th days after operation respectively 
revealed thaf the nerves had been nicely erossed as intended 
in both animals with the bulk of the pelvic fibers having 
regenerated into the peetoral fin. The superficial flexor and 
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protractor muscles appeared to have undergone a permanent 
contractural shortening correlated with the persistent pro- 
tractor posture of the fin. | 

By the 26th day the pelvie fins in the remainime 4 eases had 
come to assume a more normal posture, and in three cases the 
pelvic fin had begun to recover some active movement which 
appeared to be normal in direction and timing. Distinet 
crossed responses of the pelvic fin upon stimulation of the 
pectoral fin were noted along with the pectoral reactions in 
all 4 cases on the 82nd day. In one animal, pelvic VCSPOUSeS 
occurred upon stinulation also of the pelvic fin. In another, 
stimulation of the pelvic fin evoked crossed reactions in the 
pectoral fin in the form of clear-cut adductor twitches of the 
upper fin rays. The pectoral fin response to pectoral stimula- 
tion seemed weaker than in earlier stages of recovery. 

Following these behavioral observations the effeets of elee- 
trical stimulation of the nerves and of the pectoral muscles 
were studied in the latter 4 cases. An induetorium was used 
and the fish were lightly anesthetized with urethane. The pel- 
vic and pectoral fin nerves were first sectioned far proximally. 
Stinulation of the pelvic nerves usually evoked some respouse 
in both fins, the strength varying in different instanees. The 
pectoral responses were very restricted and consisted only of 
fin protraction and weak twitching of the fin rays. The pelvie 
response was also weak and consisted largely of depression of 
the base of the pelvie fin. No reactions were obtained from 
proxnnal stimulation of the reflected pectoral nerves. 

Direct sthuulation of the pectoral muscles yielded protrae- 
tion primarily with some elevation and depression, but no 
retraction, All the pectoral fin muscles appeared thin and atro- 


phic with the possible exception of the protractors which lad 
undergone contracture, Phe pectoral fin as a whole was stun- 
ted to approximately two-thirds normal size. The pelvie fin 
by contrast was more nearly normal in size, posture, and move- 
ment msofar as the latter was present. Although a few pelvie 
fibers were found to have crossed into their original distal 
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pathways in all 4 eases, the bulk of the pelvie fibers remained 
connected to the pectoral fin as intended. 

Kileetrical stimulation of the bared pectoral fin nerves in 
two normal anesthetized 77. histria, led predomimantly to pro- 
traction of the pectoral fin accompanied by closure of the fin 
rays, 1.¢., this massive cleetrical stinmlation caused the fin 
fo move into mueh the same posture as that which prevailed 
chronically after its re-innervation by the pelvie nerves, 

Histological observations. In an additional series of 16 
adult S. festudineus the pectoral fin nerve was sectioned on 
one side. ‘These fish were then saerifieed and fixed individually 
for histological study at spaced intervals from two to 27 days 
affer nerve seetion. The pectoral seements of the cord were 
sectioned serially. Both the Cajal and Rasdolsky stains were 
used as deseribed above. No marked differences were noted 
between operated and unoperated sides during the first week 
after nerve section. Beginning about. the 8th day after surgery 
the motor cells in the pectoral columns on the operated side 
appeared swollen (figs. 2, 6). The swelling was more pro- 
nounced during the third week after operation and was still 
evident on the 27th day, the longest interval examined. The 
ecll nuclens was somewhat enlarged along with the cell body 
proper, and also the proximal regions of the dendrites (fig. 
6). It was not possible to tell whether there was any degen- 
eration or regeneration of synaptic endings in either the Cajal 
or Rasdolsky preparations. This is not nnexpeeted in view 
of the extreme density and fine ealibre of the terminal fibers in 
the spinal neuropil of the adult fish (fie. 7). 


Oculomotor system 


In amphibians motor reeovery following reeeneration of 
the oenlomotor nerve, unlike that following regeneration of 
the motor uerves of the limbs, is generally poor both in uro- 
deJes and in anurans even in larval stages (Sperry, ?47). Only 
in extremely early larval or post-embryonie stages (19mm 
Rana grylio larvae) was good recovery obtained comparable 
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to that found in the limb system in much later larval and even 
adult stages. This difference between oculomotor and pee- 
toral systems proved to be equally marked in S. testudineus. 

In 10 adult S. testudineus the oculomotor nerve was see- 
tioned intracranially through a large dorsolateral openmMg in 
the skull. Most of the intracranial portion of the trochlear 
herve was extirpated in the same operation leaving only the 
lateral rectus musele to move the eyeball. Two of these cases 
died from unknown causes during the second postoperative 
week and 4 more were killed the following week by an aecident 
in the water system. Dissection of the latter 4 revealed that 
a large bridge of regene rated fibers had already been estab- 
lished between the proximal and distal nerve e slumps. 

Jn three of the remaining 4+ cases the normally-innervated 
lateral rectus muscle was excised on the 28th day after opera- 
tion because the movements effected by this single muscle were 
extensive and would have obscured any minor aet ivity that 
might have been recovered in the reinnervated muscles, After 
removal of the normally innervated abducent musele, all eye 
movements were reduced to weak twitches the exeursions of 
which were so minute that it was not possible to determine 
Whether their direction and timing were normal. Exeept for 
a slight medial tilt, the posture of the eye during movement 
and at rest was normal. The lateral reetus musele was re- 
moved mn the 4th case on the 41st day after nerve seetion with 
the same result as in the first three eases. All 4 animals were 
fixed 46 days after section of nerve TIT. At this time there 
still had been no discernible improvement in eye movement. 

Anatomical observations. After remo ‘al of the perfused 
Drain, the head was tiamersed in 10% formalin and the extra- 
octlar muscles and their nerves were later dissected. The 
denervated trochlear muscle was reduced to approximately 
one-half its normal size. Phe muscles reinnervated by the 
oculomotor nerve, on the other hand, were not redueed more 
than one-fourth at the most and for the majority of the mus- 
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eles no definite size differenee was discernible between op- 
erated and unoperated sides. 

The oenlomotor museles were fixed in 10% formalin and 
stained by the formie aeid-gold chloride method, The rem- 
nervated museles stained much more mtensely than the normal 
and appeared to contain more eonnective tissue. TLowever, 
nueroseopie measurements of the musele fiber diameters failed 
fo reveal any stentfieant shrmkage. It was not possible to 
make out details of the nerve terminals nor myoncural 
junetions. 

The brains of two of the experimental eases were treated 
with the Rasdolsky stain and the other two with the Cajal 
silver method. Five additional eases were studied in which the 
eveball was extirpated on one side ineluding all its extrinsie 
eve muscles at 8, 12, 18, 17, and 23 day intervals before fixa- 
tion. Phe 13 day ease was treated with the modified Rasdolsky 
stam and the others by the Cajal method. 

The pronounced retrograde enlargement observed in the 
pectoral motor cells of the eord was not found m the oeulo- 
motor and troehlear nuclert (see figs. 8, 4, 5). Tf anv minor 
swellime of the motor eells was present, tt was obseured by the 
normal variation in cel] size and by the bilateral distribution 
of the affeeted neurons in nueleus TIE correlated with the par- 
tint deeussation of the oeulomotor root fibers (Hdgeworth, 
35). TLowever, in the 4 experimental eases there was a 
definite difference between normal and affeeted sides im the 
appearance of the nerve roots. In the Cajal preparations the 
fibers tended to be fewer in number, thinner, and less nearly 
parallel on the affeeted side, and the outlines of the myelin 
sheaths were Jess regular. In the Rasdolsky preparations the 
root fibers on the affeeted side stained less intensely and the 
root bundles were densely pervaded with ghal and other cells 
containing large vacnoles. These degenerative changes seemed 
no more pronounced and were possibly less marked in the 
troehlear root fibers whieh presumably failed to re-establish 
funetional connections of any sort im the periphery. 
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DISCUSSLON 


Phe good-to-excellent recovery of motor coordination ob- 
tained after section and regeneration of the pectoral fin nerve 
in both fH. histrio and S. testudincus is consistent with the 
previous findings in S. spengleri (Sperry, 750). The results 
furnish further evidence that this type of motor plasticity is 
more highly developed in adult teleosts than in adult amplib- 
lans. Absolute size, next to phylogenetic status and develop- 
mental age, has also been considered a possible factor 
influencing neural plasticity and functional recovery after re- 
generation. In this connection it is noteworthy that recovery 
In the largest S. testudineus was as complete and almost as 
rapid as in the much smaller S. spenglert. 

That good restoration of function was also obtained after 
extensive reduction in the proximal supply of pectoral nerve 
fibers in /l. histrio gives further indication that the recovery 
involves a spread of specific influences from the muscles to 
their motoneurons which in turn determines the incidence of 
central discharge as mferred to explain the comparable re- 
coveries in amphibian limb coordination (Wiersma, 731; 
Weiss, 736). 

The reasons for the lack of good recovery in the pelvie-to- 
pectoral crosses are not evident from the data and may have 
been associated primarily with any one or a combination of 
the following: (a) failure of the regenerating pelvie fibers to 
form adequate transmissive connections with the pectoral 
muscles, (b) meapacity of the pelvie fibers to undergo the 
respecification required to suit the pectoral musculature, (c) 
lack of adequate synaptic readjustments in the spinal centers. 
From the reflex responses elicitable after regeneration it is 
clear that cutaneous fibers of the pelvie fin re-established 
functional connections in the skin of the pectoral fin and also 
that a small fraction, at least, of the pelvic motor fibers were 
able to form transmissive endings in pectoral muscle. Some 
of these sensory and motor fibers, possibly all, retained their 
original reflex relations in the centers. here were indications 
that the pelvic motor fibers did not re-establish funetional 
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connections as readily with peetoral as with pelvie museula- 
ture in that the recovered peetoral movement remained ex- 
tremely weak and the museles showed signs of atrophy. The 
pelvic musculature, by contrast, was restored in comparatively 
good condition even though it was re-innervated by only a 
comparatively few stray pelvie fibers. 

Tn the ease of oculomotor regeneration the funetional result 
was not strictly comparable to anything we have observed 
previously in fishes, amphibians or mammals. The results 
approached somewhat the funetional pieture that would be 
expected if only those axons that happened to eonneet with 
their original museles were able to form functional neuro- 
motor endings. However, the recovered function was even 
weaker than would be expeeted on this basis wherein APpVrox- 
mately one-fourth the original number of motoneurons should 
have been funetioninge normally. Jf one assumes that the 
establishment of atypieal nerve-musele relations {ended to 
produce an adverse effeet on the entire motoneuron involved, 
even though other terminal branches of the same axon were 
properly connected, and that each regenerating fiber under- 
went several bifureations in the sear region, then one might 
expeel approximately the type of result observed. As in the 
pelvie-to-peetoral crosses, the results suegest a degree of 
funetional Incompatibility between motor fibers and strange 
museles to which they normally do not eonneet. To what ex. 
tent this meompatibility is expressed through failure to form 
adequate transmissive conneetions in the periphery and to 
what extent the failure is in the eenters, it is not possible to 
defermine from the present data. The observed museular 
atrophy associated with the lack of funetional recovery may 
itself have been an effect of either peripheral or eentral dys- 
funetion. 

Our failure in these exploratory observations to find direet 
microscopic evidence for a switching of eentral fiber connec. 
tions in correlation with funetional restoration in the pectoral 
musculature is not to be taken as an indication of its absence. 
Synaptic relations in the neuropil of the teleost cord are 
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largely beyond demonstration with currently avallable histo- 
logical technique. In the cat where synaptic endings are 
somewhat easier to see, degeneration of synaptic terminals 
around chromatolyzed motoneurons following section of motor 
axons has been reported by Barnard (738, £0), but the finding 
has not been consistently confirmed (Barr, 740; Schadewald, 
41), The occurrence of degeneration and also regeneration 
of synaptic endings around chromatolyzed cells in the cat cord 
hag since been inferred from the changes in reflex potentials 
that follow section of motor axons (Campbell, “44; Downman, 
et al., ’O3). 

The present findings point up new complexities in the rela- 
tions of the vertebrate motoncuron to its muscle fibers on the 
one hand and its synaptic end-feet on the other. However, 
the problem of how the central timing of misregenerated 
motor fibers becomes readapted in fin and lamb segments of 
the cord to suit abnormal nerve-muscle connections remains 
unanswered. | 

SUMMARY 


Recovery of normal muscle coordination was observed fol- 
lowing surgical section and regencration of the nerves sup- 
plying the pectoral fin im 3S. testudineus and in dl. histrio. 
Microscopie examination of the pectoral region of the cord 
revealed a marked enlargement of cell bodies and dendrites 
of the sectioned motor fibers, but nothing was detected to il- 
dicate breakdown and re-establishment of synaptic terminals. 
Good recovery was observed also in [, histrio after the an- 
terior one-half to two-thirds of the sectioned pectoral fibers 
were prevented from regenerating by reflecting them mto 
nearby trunk musculature. However, only abnormal contrac- 
tures resulted when pelvic fin nerves were crossed surgically 
to re-innervate the pectoral fin. 

Section of the oculomotor nerve in S. testudineus was fol- 
lowed by good regeneration, but there was no recovery of 
muscle action. In microscopie preparations of the oculomotor 
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nuclei the oculomotor neurons did not exhibit the retrograde 


enlargement observed in the cord and the root fibers appeared 
atrophie. 
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EXPLANATION OF FIGURES 


Photomierographs of 8 sections of eord and midbrain of S. festudineuws. AU 
exeept figure 2 are from Rasdolsky preparations, 


ts 


Through upper segments of cord showing pronouneed cnlargement of motor 
eclls in peetoral column on operated Cright) side at 23 days after nerve 
seetion, Cajal > 30, 


3 Through oeulomotor nuclei showing lack ef comparable swelling in ceulo- 
motor cells and atropiie appearance of affeeted Cleft) reot fibers (arrows) 
44 days after nerve section, x 45, 


4) Troehlear nucleus 44 days after orbital reseetion of troehlear nerve, x 115, 
5D Normal trochlear nucleus from sane seetion as figure 4.0 & 115, 
6 Enlargement of pectoral motor eells at 16 days after nerve section, x 350, 


View of dendritie field of cells shown in figure 6. Other than a size increase in 
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ticker portions of dendrites on affected side, no differences were detected 


between dendritie fields of normal and scetioned motor nerves, ™ 450, 
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